ABSTRACT: A theoretical study is presented for predicting the hygrothermal behavior of laminated composite plates during moisture desorption. This investigation is aimed at overcoming the computational difficulties in the determination of transient hygroscopic stress distribution through laminated plates and in the evaluation of the effect of anisotropy on the evolution of such stresses. To calculate such stresses during desorption phase, we present a new method by which we are able to predict directly the evolution of transient hygroscopic stresses within laminated composite plates without the calculation of moisture concentrations as in the case of Benkeddad's method in which we are obliged to determine the moisture distribution across the plate before the calculation of such stresses. This is very important and must be taken into account in the design of composite material, particularly aerospace structures for example, aircraft.
INTRODUCTION I
N RECENT YEARS, fiber-reinforced composite laminated structures have been widely used in the aerospace, marine, automobile and other engineering industries. During the operational life, these laminates are subjected to complex environmental conditions in terms of temperature and moisture. The transient and nonuniform moisture concentration distributions in laminated composite plates give rise to transient and nonuniform stress fields [1] [2] [3] 16] which are investigated here. In order to design structure properly it is necessary to understand the hygrothermal behavior of such structures.
In the present study, the ambient temperature is assumed to have a uniform distribution, but the moisture is supposed to have a transient and nonuniform distribution. These assumptions are justified in this case for the same reasons (polymer matrix composite, thin plates) quoted [17] [18] [19] [20] [21] [22] . As a result, the stress components due to a change of temperature can reasonably be computed using the classical laminated plate theory (CLPT) [23] due to the constant distribution of temperature across the plate. On the other hand, particular attention must be paid to the calculation of the transient stress components due to the nonuniform moisture concentration. It seems that there are few studies concerning transient hygroscopic stresses in laminated plates due to the nonuniform moisture distribution. Hahn and Kim [16] have discussed the distribution of such stresses in three particular cases of stacking sequences; Benkeddad et al. [2, 3] have developed a numerical procedure to compute the in-plane hygroscopic stress components within the plies of laminated composite plates. More recently, Tounsi et al. [1] have developed a new analytical method to predict these stresses through the thickness of composite plates without knowing the moisture distribution during absorption. As a result, the rigorous distribution of hygroscopic residual stresses remains unknown in many cases.
This article consists of two parts. The first part deals with the calculation of the transient hygroscopic stresses during moisture desorption. For this, a new analytical method is developed while following the same methodology described in [1] with some modifications taking into account the phenomenon of desorption. The developed method, allows us to predict directly the transient hygroscopic stresses without the calculation of moisture concentration.
In the second part of this article, we present a theoretical study concerning the effect of anisotropy on the variation of transient hygroscopic stresses in fiber-reinforced composite materials during moisture desorption. Evidently, the presence of a reinforcement in an isotropic matrix results in a general anisotropy for laminas; laminates obtained by superposing laminas with different orientations are then, in general, anisotropic as well, and their analysis by the CLPT needs the transformation of elastic properties of laminas by rotation. This transformation, though well known, is rather cumbersome, because it involves the fourth powers of trigonometric functions. Naturally, this condition is an obstacle to analytical manipulations, similar to those which occur in treating inverse problems for laminates; again, the complication of formulas can hide some mechanical properties and makes the quantification of anisotropy difficult.
To overcome all this, the polar representation method of plane elasticity tensors can be used. This method was introduced by Verchery as early as 1979 [24] , and successively it has been developed by other authors (Gre´diac et al. [25] , Kandil et al. [26] , Vannucci et al. [11, 13] , Vannucci et al. [14] , Verchery [12] , Vincenti et al. [10, 15] , Tounsi et al. [4] [5] [6] , Verchery et al. [27] ). It is very similar to that presented by Jones [28] and Gre´diac [29] . In the theoretical framework of plane stress state, which is at the basis of CLPT, the polar method can be, used; its main advantage consists in the fact that material and frame rotations are easily expressed, giving the scientist much simpler equations than those obtained by Cartesian transformations.
Another important feature of the method is the physical meaning of tensor polar components: in the case, for instance, of the elastic tensor, these are invariant parameters directly representing the symmetries of a given material. So, by polar components, it is possible to distinguish at a glance the kind of anisotropy of a lamina, independently on the reference frame where its elastic moduli are known. Also, using this method, it is possible to quantify the anisotropy of laminated composite plate by introducing a degree of anisotropy as it was shown by Cheikh Saad Bouh et al. [8, 9] and Tounsi et al. [4] [5] [6] .
ANALYSIS
Let us consider a laminated plate of thickness h made of polymer matrix composite, submitted on its two sides to the same dry environment. The plate is considered to be infinite in both the x and y directions and the moisture content vary only in the z direction. The problem is therefore one-dimensional. The initial moisture concentration c ini is uniform at t ¼ 0. Both sides of the plate are suddenly exposed to a zero moist environment 
with
The residual stresses are computed using the following procedure, which is an extension of the method given by Tsai [23] for uniform moisture concentration distribution and of the method given by Benkeddad et al. [2, 3] for linear moisture concentration distribution within the subply. The principle of this simplified method is to take the real distribution of moisture concentration through each ply using its serial expansion [30] and to determine the exact expression of the nonmechanical in-plane stress components N and moment components M (Equations (16) and (17)) without the term C(z k , t) representing the concentration of moisture. Time t being given, the first step is to compute the on-axis free expansions e x and e y . These expansions are computed at each point z k of the thickness by the following equation:
The nonmechanical stresses 
Let p n , Q n , p n and Q n be the quantities defined by the relations:
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Relations (7) become
If we suppose that ÁT is constant in the thickness of laminate (As it was explained in the introduction) Relations (12) become
The nonmechanical in-plane stress components N n and moment compo- 
The nonmechanical strains are deduced using the usual strain-stress relation in laminated plates [23] .
The nonmechanical strains " nðkÞ are then computed at each point z k :
In the ply frame, these nonmechanical strains become " rðkÞ it is the thermal residual stress calculated with a null distribution of moisture concentration within the plate (C(z K , t) ¼ 0).
POLAR REPRESENTATION METHOD AND THE COMPUTATION OF THE DEGREE OF ANISOTROPY
We recall, ( [24] ) that in-plane elasticity, the three Cartesian components of symmetric second-order tensor L can be expressed by three other quantities, a scalar T, a modulus R and an angle È:
The reverse equations of Equation (23) can be expressed in complex form:
T, R and È are the polar components of L; indeed, formulas (23) and (24) are the algebraic transposition of Mohr's circle geometric construction. For the case of a fourth rank L having the typical symmetries of elasticity, its six Cartesian components are a function of six other parameters, T 0 , T 1 , R 0 , R 1 , È 0 and È 1 :
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The reverse equations of Equation (25) are, in complex form,
Parameters T 0 , T 1 are scalar, R 0 and R 1 moduli, È 0 and È 1 polar angles.
The most important feature of polar components, is that for a rotation of the reference frame, T, R, T 0 , T 1 , R 0 , R 1 and the difference È 0 À È 1 are invariant, while the polar angles È, È 0 and È 1 are simply changed into È À , È 0 À and È 1 À . The special application of this method is the definition of the degree of anisotropy (") of a material. It is defined as the relative deviation in stiffness between the material and its isotropic part (the isotropic part of a material should be defined from polar components, but for a laminate, it can be more simply seen as the homogeneous material with properties identical to the inplane properties of a quasi-isotropic laminate). The degree of anisotropy so defined is positive and always less than 1 and it is given (the degree of anisotropy) by the following expression:
MATERIAL USED FOR THE CALCULATION
The material used for the simulations is a carbon/epoxy composite whose properties are given in Tables 1-3 . For simplicity's sake, the calculations are made under the assumption that the elastic properties remain constant for the entire range of the moisture concentration; even if it has been observed in practice that these properties are slightly different for wet and dry conditions [17, 31] .
VALIDATION OF THE METHOD
For the validation of the present method, we have checked the results obtained using the method developed by Benkeddad et al. [2, 3] . To this end, we have used the same material and the same environmental conditions to those used by Benkeddad et al. [2, 3] . The results plotted in Figures 2 and 7 which are obtained using the present method are in good agreement with those presented in [2, 3] for the case of moisture desorption.
RESULTS AND DISCUSSION
The study, here, has been focussed on the influence of anisotropy and heterogeneity on the transient residual stress fields throughout the thickness. The calculations of such stresses are carried out by the method presented below.
Transient Hygroscopic Stresses in a Unidirectional Laminate
The results below are given under the following assumptions. The temperature ÁT between the room temperature and the stress-free temperature is ÁT ¼ À100
C. The initial concentration (C ini ) within the laminate is assumed to be equal to C max , given in Table 2 . The plate is suddenly exposed to a moist environment characterized by a zero moisture concentration. Due to the symmetries of the present problem, the shear stress r S is always zero in the ply frame. The two last stresses r x and r y are plotted in Figures 1 and 2 . Four curves are particularly emphasized in all the figures as well as the following ones: the initial stress distribution (t ¼ 0), Table 1 . Mechanical properties of the material [23] . Table 3 . Strength data of the material used for simulations [23] .
Carbon/epoxy 1500 1500 40 246 68 the stress distribution when the moisture saturation is achieved (sat), stress distribution at t ¼ 422.2 h and t ¼ 4222 h. In the present case, the two first distributions are zero. Both stresses r x and r y are compressive ones for the internal plies and tensile ones for the external plies. It can also be noted that the unstressed points remain the same from 422.2 to 4222 h. They are approximately located at about one quarter of the thickness from both faces of the plate. The order of magnitude of r x is negligible compared to both longitudinal tensile and compressive strengths X and X 0 given in Table 3 . On the other hand, the order of magnitude of the transverse stress r y is important compared to both the transverse tensile and compressive strengths Y and Y 0 . The maximum value of the transverse stress r y reaches 54.13 MPa in the external plies at 422.2 h. This value exceeds the transverse tensile strength Y, and the failure should theoretically occur. However, it must be pointed out that this calculation does not take into account the variation of elasticity modulus due to the humidity, which is likely to cause a stress relaxation.
Transient Hygroscopic Stresses in Angle-ply [þh, Àh] 2S Laminates
The following angle-ply [þ, À] 2S laminates have been studied: ¼ 10, 20, 30 and 45 . In all cases, it has been observed that the longitudinal stress r x is negligible compared to longitudinal strengths X and X 0 . Apart from the case ¼ 45 , the shear stress r S is not zero. A typical curve is depicted in Figure 3 . The maximum value of the shear stress reaches 26.49 MPa for ¼ 20 , i.e. about 38.95% of the shear strength S given in Table 3 . It can also be seen that the shear stress remains constant within each ply for any value of the time. This property has been observed for all laminates which have been presently studied. This is due to the definition of the residual strains which are the difference between the non-mechanical strains and the free expansions [Equation (20)]. The non-mechanical strains are constant within each plies for symmetric boundary conditions and uncoupled laminates. The free shear expansion is zero [Equation (4)]. As a result, the residual shear strains and the residual shear stress are constant within the plies. This property is also remarked in the case of moisture absorption [1, 4, 5] .
The transverse stress r y is plotted in Figures 4-7 for the different values of . The special case ¼ 0 is plotted in Figure 2 . First, the curves are approximately continued from a ply to another. As for the unidirectional laminate, the external plies are subjected to a tensile transverse stress during the moisture desorption except when t ¼ 0, where the plies are in compressive state. It is clearly shown in Figure 2 that transverse tensile and compressive stress peaks occur in the external and central plies, respectively. The magnitude of these stress peaks is maximum at the beginning of the desorption procedure. However, this magnitude decreases as increases and becomes approximately zero for ¼ 45 . In the latter case, the transverse stress distribution regularly increases from the initial to the final one. In all cases, the maximum tensile transverse stress cannot be neglected compared to the transverse tensile strength Y. However, as is mentioned in the case of unidirectional laminates, this calculation does not take into account the decrease of the moduli with the moisture concentration, which is likely to cause a stress relaxation.
Influence of Anisotropy on the Transversal Transient Hygroscopic Stresses during Desorption Phase
In the following investigations, the calculation of transient residual stresses within laminated plate is carried out at t ¼ 422.2 h.
Some configurations of materials were analyzed aiming to study the influence of anisotropy on the hygrothermal behavior of laminated composite plates during moisture desorption. Because of the importance of transverse residual stresses comparatively to both longitudinal and shear residual stresses, we have studied only the effect of the in-plane degree of anisotropy on the variation of such stresses. In fact, as is shown in [1, 4, 5] . In Figures 8 and 9 , the transversal hygroscopic stresses r yg and the residual thermal stresses r yt are plotted for laminates having different in-plane degree of anisotropy " A . Figure 8 shows that for laminates with lower in-plane degree of anisotropy, the transverse transient stress r yg decreases with the decrease in the in-plane degree of anisotropy " A . The state of this stress in the external plies is oriented towards a compressive state for laminates with lower degree of anisotropy and towards a tensile state for those having a higher degree of anisotropy; in contrast with the internal plies where they are in compressive state for all laminates considered here. However, we note that for laminates having a lower degree of anisotropy, the internal plies become in a more compressive state. On the other hand, the thermal residual stress tensile state for this case, the same remark is observed in the case of moisture absorption [4, 5] . As a result, the reduction of the in-plane degree of anisotropy favors the transversals hygroscopic stresses to be in compressive state, in contrast with the thermal stresses where they become in tensile state. This explains in a clear way the partial compensation of these stresses which are originally different.
Secondly, laminates with different lay-ups and the identical in-plane degree of anisotropy were investigated to see if they will lead to identical residual stresses. As is discussed in [5] in the case of moisture absorption: the values of the transverses residual stresses in laminates having the same inplane degree of anisotropy are nearly identical. The same remark is observed in the present case (moisture desorption). In fact, Figure 10 Finally, other studies are scheduled to detail this point as is presented in [4, 5] . 
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CONCLUSION
In this work the transient hygroscopic stresses induced by the symmetric environmental conditions during moisture desorption in laminated composite plates were studied. For that, a straightforward and quick analytical method is presented to determine such stresses in the polymer matrix composite plate. Some stacking sequences, such as those of unidirectional and angle-ply laminates, exhibit non-negligible transverse stress peaks compared to transverse strength.
The second part of this paper, is devoted to the analysis of the effect of anisotropy on the variation of the transversal non-mechanical residual stresses across laminated composite plates. It was shown that the reduction of the in-plane degree of anisotropy favors the transversals hygroscopic stresses to be in compressive state, in contrast with the thermal stresses where they become in tensile state. Surprisingly, our investigation shows that: for the considered laminates and which have the same in-plane degree of anisotropy and different lay-up, we will have an identical distribution of transversal hygroscopic stresses through the thickness of these laminates.
Finally, the present simplified approach could be extended to advanced mechanical behavior including the influence of moisture and creep on the stiffnesses. 
